Abstract-
I. INTRODUCTION
Image processing is defined as the application of mathematical operations that are applied in signal processing [1] . In image processing, image or video is given as the input and the image or a group of feature or parameters that are related to the image can be extracted as the output [1] . Digital image processing is being applied to biomedical engineering to diagnose the diseases, plan and supervise that diseases monitor the state of the diseases simultaneously [2] . Some of the life-threatening cardiovascular diseases like hypertensive retinopathy and stroke are related to the changes in the microvasculature features of retinal blood vessels. To diagnose these diseases, analysis of the human fundus eye images has become the key point because of the simple and non-invasive visualization of the microvascular structure of retinal blood vessels [3] - [6] .
Some changes in retinal microvascular structure are considered as the symptom of a subsequent vascular incident like Transient Ischemic Attack (TIA) or acute stroke [7] . The ocular funduscopic abnormalities and acute stroke show a close association even-though the vascular risk factors and blood pressure are in control [8] . The study with multiethnic cohort revealed that the retinal arteriolar narrowing found as associative with an increased risk of acute stroke [9] . There found the association with the changes of retinal venular diameter and stroke in Rotterdam cohort study [10] and [11] found the association of retinopathy and venular widening with incident stroke. According to the cohort study of Asian Malay persons, it can be stated that the incident stroke can be predicted by exploring the changes of features of retinal microvasculature [12] . Hypertensive retinopathy that has the association with stroke also can be predicted by analyzing retinal vessel widening [13] .
To develop the systems for computing retinal vessel diameter image processing principles are being used widely. Some of the techniques for computing retinal vessel diameter were developed based on graph-theoretic method [14] , [15] mask creation [16] , Linear Discriminant Analysis (LDA), image gradient segmentation technique (ARG) for vessel edge detection, using active contour [16] , [17] , Adaptive Higuchi's Dimension [18] and Multi-Step Regression Method (Higher order Gaussian modeling) [19] . [20] developed an algorithm based on supervised learning performed by bagged decision trees and an extended multiresolution Hermite model presented the 100% success rate. This algorithm was evaluated with all four datasets of Retinal Vessel Image Set for Estimation of Width (REVIEW) database and showed the maximum stability with a good standard deviation of the point to point difference for all the datasets [20] . The performance of ESP algorithm of [17] , graph-theoretic method of [14] , [15] , ULDM of [21] , deformable model-based algorithm of [22] and Adaptive Higuchi's Dimension based algorithm of [18] were poor and showed less accuracy due to the large deviation of the mean diameter of retinal blood vessel while evaluating with CLRIS and VDIS datasets. Due to the presence of diabetic abnormalities nearby the vessel boundaries, the success rate of [21] on HRIS dataset was degraded. The testing of several algorithms on the VDIS dataset led the resultant to have poor accuracy with a large deviation [3] , [21] as the dataset is mostly used in pathological purpose and the images of that dataset are noisy with a lower resolution [3] . The performance of the algorithm of [17] was affected as the edges of the vessels of CLRIS data set are highly blurred [3] .
In this study, a new automated method for retinal vessel diameter measurement has been proposed. To evaluate the proposed method the images from Vascular Disease Image Set (VDIS) and Central Light Reflex Image Set (CLRIS) of the Retinal Vessel Image set for Estimation of Width (REVIEW) database were used. REVIEW is another publicly available standard dataset that includes various normal and pathological retinal images for the evaluation of the algorithm for retinal vessel diameter measurement [23] .
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II. METHODOLOGY Figure 1 shows the employed steps in the proposed method for measuring the retinal vessel diameter. 
A. Image Processing:
To run the proposed algorithm input image was taken from the REVIEW database. The input image was converted to the green channel image then enhanced by employing the Contrast Limited Adaptive Histogram Equalization (CLAHE) enhancement technique with multiple parameters. In this proposed algorithm, we used a two-element vector,the [X Y] as the parameter that contains positive integers. A vector of [8 8] size was used as the parameter that indicates the small regions of the input image. Furthermore, another scalar parameter of positive integer was employed to build the contrast enhancing transformation.
B. Image Segmentation and ROI Extraction:
To extract the microvasculature of the filtered image, thresholding-based segmentation was applied in this method. For thresholding, Iterative Self-organizing Data Analysis Technique (ISODATA) method [24] was employed to compute a global image threshold. The mean of the gray values associated with the pixels of both background and foreground are computed. The new threshold value is computed for the average of these sample means. The value of the threshold is updated iteratively at each cycle until the threshold value remains unchanged. In this method, the global threshold, LEVEL, was used as a normalized intensity value which range is [0 1]. LEVEL converts an intensity image to a binary image [25] . The ROI was extracted by cropping the specific region.
C. Computing the Euclidean Distance Transform:
A distance transform is an important tool in computer vision and image processing. In image processing, the distance of each pixel to the nearest non-zero pixel of a binary image can be measured by employing the distance transform technique. The Euclidean Distance transform is the measurement of the perpendicular distance between two pixels. If two pixels are denoted as P and Q where (Px, Py) and (Qx, Qy) are the coordinates of P and Q respectively, the Euclidean distance between P and Q can be defined as the square root of the sum of the squares of the differences between the corresponding coordinates of the points. To calculate the distance a hypotenuse of a right-angled triangle is formed by the line segment with the endpoints of P and Q. The Euclidean Distance can be defined as in (1) .
………………… (1) Before the operation of Euclidean analysis, internally the feature class input source data is converted into a raster. Here the resolution is smaller than the width or height of the feature class extent. The resolution is divided by 250 and set with the parameter of output cell size. Figure 2 demonstrates the functionality of the Euclidean function.
An M by N image can be discussed as M*N dimensional Euclidean space, more generally image space. An image space can be represented as the coordinate system by considering the bases e1, e2, … …, eMN and at (K, l) location ekN+1 can be represented as the ideal point source with unit intensity. In this instance, if x = (x1, x2, … …, xMN) is an image, xkN+1 is considered as the coordinate in respect to ekN+1 which is ultimately the gray level at (K, l) location and represents a point in the image space. Basically, the origin of an image space is an image. The gray levels of the origin of an image space are zero everywhere.
To measure the Euclidean distance of an image, the distance between the respective points in image space, the metric coefficients of the basis of image space need to be provided. gij is introduced as the metric coefficient of MN image space that can be defined as in (2), … (2) Fig. 2 . Euclidean Function [26] Where i,j = 1,2,… MN, <ei, ej> is the scalar product, and θij is the angle between ei and ej. All the base vectors of the corresponding image space have the same length if (<ei, ei>) = (<ej, ej) = … i.e. and then the values of gij are varied with the values of θij. If x and y are considered as two different images and the metric coefficients are given, then the Euclidean distance of that images can be calculated as in (3),
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Here the symmetric matrix is the reference matrix for the metric. G is the symmetric and positive definite matrix of every MN th order of M by N image induces a Euclidean Distance. If ei and ej, where i ≠ j, are the two base vectors that are perpendicular to each other, then a Cartesian coordinate is formed by the basis. In this condition, G induces the conventional Euclidean distance following the equation (1) as it is an identity matrix. G induces a weighted Euclidean distance when G is a diagonal matrix due to the different length of the base vectors [26] . Figure 3 illustrates the Euclidean Distance transform of the Extracted ROI. Here the centerline of the Distance Transform Image, 3(b) is the intensity of the distance to the nearest boundary from each point.
The distance transform assigns a number for each pixel in a binary image which is the distance between that pixel and the nearest nonzero pixel. The metric employed in this method is the Euclidean distance metric. Here, for the 2-D cases, the fast algorithm for computing the true Euclidean distance transform was used.
D. Skeletonize the ROI
In this method, the thinning algorithm was preferred for skeletonizing the extracted ROI. Skeletonizing is performed to find out the centerline of the blood vessel, extracted ROI. Basically, the thinning algorithm reduces the object pixels at the boundary of the binary image iteratively. This thinning algorithm iteratively reduces the boundary pixels preserving the significant information and the thinning is continued until the stage at which no more thinning can be done, and, in this point, the remnant is approximated as the skeleton. Figure 4 demonstrates the ROI and its skeleton. In this method, the thinning algorithm had been chosen for skeletonizing the ROI as this algorithm provides some effective properties while skeletonizing. These significant properties of thinning algorithm are preserving the original object's topology, retaining the object's features that are important for classification, object recognition and feature extraction, and generating the skeleton of one-pixel width.
E. Measuring the Vessel Diameter:
Computing the vessel diameter is the final step of this proposed method. In this method the mean values are taken for computing the mean radius of the extracted blood vessel, ROI, as in ROI there exists multiple bright pixels on the boundary regions and on the extracted centerline of the ROI. The computed mean radius of the blood vessel then used to compute the mean diameter of the ROI. Euclidean Distance Transform calculates the perpendicular distance between the two points. This proposed method is designed in such a way that it can compute the Euclidean distances among the existing bright pixels of either boundary and extracted centerline of ROI and then takes the mean of the computed distances that is recognized as the mean radius of the ROI.
In this proposed method, the extracted vessel centerline of the ROI was employed as the sliding mask for the Euclidean distance transform to determine the bright pixels that exist along the blood vessel centerline. This computation considering all the radius along the axis of ROI and then the mean of all these values of the radius was computed which gives the mean radius of the ROI. Suppose, a 1, a2, a3, …an are the nth number of calculated values of radius of the ROI. Then the mean of all the radius has been taken employing (4) below. Finally, the mean diameter of the ROI has been computed simply multiply the mean radius with the numeric value 2 as in (5).
……… (4) ……….. (5) As the Euclidean distance transform measures the perpendicular distance between two bright pixels of ROI, the expected result could be more accurate because it is general that, according to geometrical calculation the diameter of any cylindrical shape supposed to be the perpendicular distance of the two-opposite point of the circumference of the same shape.
III. RESULTS
The obtained diameter measurement result for VDIS and CLRIS of REVIEW database was compared with the result of some existing diameter measurement methods and the manual result provided in the REVIEW database. The accuracy of the proposed method has been calculated comparing the mean diameter obtained by the proposed method and the mean diameter that measured manually. Table I shows the comparison among the obtained result of the proposed method, manually calculated result provided in REVIEW database, and some other existing methods. In the methodology, it was described that for the accurate measurement, the algorithm must find the centerline of the cropped image and the pixel value of the center line must be in the one-row matrix and the algorithm will check that there is only one line for the centerline of the cropped image. The diameter measurement is considered as the successful measurement if there is an only one-line image for the centerline of the cropped image and the percentage of the successful measurements is denoted as success rate. If the proposed algorithm cannot find any line as the centerline of the ROI, then it is recognized as the unsuccessful run of the system. In Table, I , column 1 and 2 shows the existing vessel diameter measurement methods and proposed method, and the used datasets for the evaluation of that methods respectively. Column 3 describes the success rate of the existing and proposed method. The resultant mean diameter, standard deviation and standard error of the existing methods and proposed method are shown in column 4,5 and 6 respectively. Table II shows the overall accuracy of the proposed method as implemented in CLRIS and VDIS.
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IV. DISCUSSION
A completely new method for the measurement of retinal blood vessel diameter that measures the mean diameter of the region of interest calculating the Euclidean distance among the bright pixels has been introduced in this paper. This proposed method provides a good accurate result for both noisy and high-resolution image. The performance of the diameter measurement of this proposed method is satisfactory. The resultant mean diameter is calculated as a pixel value. Here the resultant pixel values are computed as mean which leads to obtaining the result of the pixel values with a decimal point. To evaluate the performance of this proposed method, the mean diameter has been recorded for the 85 different portions of the images from CLRIS and 110 different portions of the images from VDIS following the manual segments provided in the REVIEW database. The performance evaluation result of this newly developed method shows 100% success rate with the mean diameter of 13.5 pixels with 4.1 standard deviation, and 0.4 standard error for the images from CLRIS of REVIEW database while the manually measured mean diameter for this image set is 13.8 pixels with 4.12 standard deviation, and 0.24 standard error. Comparing the resultant mean diameter of the proposed method with the manually measured mean diameter it is seen that the result is still good enough though it slightly deviated which has a less effect on the system performance. The success rate of this proposed method for the images from VDIS of REVIEW database is also 100% and the measured average diameter for this image set is 8.60 pixels with 1.90 standard deviations and 0.20 standard error while the manually measured mean diameter for this image set is 8.85 pixels with 2.57 standard deviation, and 0.05 standard error. Though the result of this proposed method for the image of VDIS is satisfactory, in some instances the result is deviated due to the presence of high noise in the input image which degrades segmentation result. From the comparison Table I , it is seen that this proposed system provides more accurate result than the previously developed methods of [14] , [17] , [21] , which measured the average diameter for CLRIS are 13.23-pixel, 14.05 pixel, and 15.70 pixels respectively. For the images of VDIS the developed diameter measurement method of [14] , [17] , and [21] , obtained the result 8.80 pixels, 8.35 pixels and 8.68 pixels mean diameter respectively.
After analyzing the performance of the proposed method, it can be concluded that the proposed method based on measuring the Euclidean distances among the bright pixels of the region of interest is robust and more consistent. This proposed method proved its robustness and consistency for the high-resolution noisy images of the patient who are suffering from pathologies such as retinopathy and cardiovascular diseases. It is expected that this method has a potential for application in the medical diagnosis system that can provide an early detection of cardiovascular and retinal diseases.
V. CONCLUSIONS
A new computer-aided automatic vessel diameter measurement method has been designed in this study. This automatic retinal vessel diameter measurement method measures the retinal blood vessel diameter from fundus retinal image based on measuring the mean diameter of the bright pixels of the ROI employing the Euclidean distance measurement technique. In this method, the input image was converted to grayscale image employing the green channel conversion. The green channel image then enhanced by operating the CLAHE. Further, the histogram equalized image was segmented with a modified segmentation method based on thresholding. ISODATA was employed as the global threshold for the used segmentation method. This algorithm has been designed in such a way that it can extract the ROI simply by cropping with the help of the computer mouse. In this algorithm, Euclidean Distance measurement technique was employed to compute the perpendicular distance among the bright pixels exist in the ROI.
The proposed method has been evaluated considering the manual diameter measurement of CLRIS and VDIS of
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REVIEW to verify the performance. After the successful evaluation, it was found that the proposed method provided the 100% success rate with 98.1% accuracy for CLRIS and 100% success rate with 97.7% accuracy for VDIS. This proposed method proved its robustness and consistency with its performance for measuring the mean diameter of the interested region of the retinal blood vessel. After the interesting analysis of the performance of this proposed method, it is seen that this method can be used as the predictor of the dangerous cardiovascular disease such as hypertensive retinopathy and stroke. The other significant advantage of this computer-aided vessel diameter measurement method is that it can eliminate the conventional time-consuming manual and subjective process. Overall it is expected that the proposed method can play an interesting role in medical diagnosis/screening system for the early detection of diabetic retinopathy and cardiovascular diseases.
